INTRODUCTION

P
odded propulsors have only recently been introduced into the marine industry and derive from the concept of azimuthing thrusters which have been in common use for many years, the first application being in 1878. Indeed, many of the early design principles for podded propulsors were derived from azimuthing thruster practice. However, the demand from the marine industry for the growth in podded propulsor size occurred very rapidly during the latter half of the 1990s with units rising from a few megawatts in size to the largest which are now in excess of 20MW. Their principal applications in the early years were for the propulsion of ice breakers and then cruise ships, but subsequently they have found application with Ro/Pax ferries, tankers, cable layers, naval vessels and research ships. Much of this rapid expansion was fuelled by claims of enhanced propulsive efficiency and ship manoeuvrability, the latter having been clearly demonstrated.
Before considering the experience with podded propulsion systems and to avoid confusion it is important to be clear on the definition of a podded propulsor as distinct from other forms of propulsion. A podded propulsor is defined as a propulsion or manoeuvring device that is external to the ship's hull and houses a propeller powering capability. This, therefore, distinguishes them from azimuthing thrusters which have their propulsor powering machinery located within the hull and commonly drive the propeller through a system of shafting and spiral bevel gearing. Consequently, in outline terms the mechanical system of a podded propulsor has normally comprised a short propulsion shaft on which an electric motor is mounted and supported on a system of rolling element radial and thrust bearings. The motor is likely to be either be an ac machine or, in some cases, a permanent magnet machine. Also mounted on the shaft line may be an exciter and shaft brake together with an appropriate sealing system. The motor power, some control functions and monitoring equipment are supplied by an arrangement of electrical cables and leads connected to the inboard ship system by a slip-ring assembly located in the vicinity of the slewing ring bearing at the interface between the propulsor and the ship's hull.
The podded propulsor's internal machinery is supported within a structure comprising a nominally axisymmetric body suspended below the hull by an aerofoil shaped fin.
The propellers fitted to these units are currently of a fixed pitch design and are frequently of a built-up configuration in that the blades are detachable from the boss. Podded propulsors can be either tractor or pusher units while some designs have a system of tandem propellers mounted to the shaft: one propeller mounted at each end of the propulsor body.
Each manufacturer has variants about these basic forms, but Fig 1 shows a typical schematic layout for a tractor unit, this being the most common form at the present time. Lloyd's Register's Rules relating to podded propulsion units are defined in Part 5, Chapter 23 of the Rules and were originally published in July 2003. These Rules with the benefit of research and development activities and the experience gained in recent years were subsequently enhanced and a revision became effective in July 2006. Some further revision is also envisaged since the Rules are dynamic documents which endeavour to capture the latest experience and learning in the various fields of marine technology.
In response to the rapid increase in size of the units over a relatively short period of time during the latter half of the 1990s, coupled with an awareness of the dangers inherent in the rate of design progress demanded by industry at that time, several national and internationally based research programmes were commenced during the period 1998 to 2000. These, in their various ways, had the aim of providing a sustainable basis for future podded propulsor design and operational practice. Typical of these international programmes were the EU funded JIP OPTIPOD and Pods in Service programmes, the FASTPOD initiative and the MARIN Cooperative Research Ships organisation's Pods Working Group. Lloyd's Register took a pro-active role in many of these initiatives and, furthermore, implemented a number of internal research programmes where it had become apparent that further technical work was needed to ensure that design practice did not become too far out-ofstep with operational and research experience.
The technical programme pursued by Lloyd's Register has embraced a number of inter-related elements including the following:
• Co-operative research with external organisations.
• Internally organised research and development programmes.
• Computational studies centred on CFD, Finite Element and Modal Analysis.
• Rule and classification evaluation processes.
• Specific failure investigation studies.
• Analysis of survey and failure incidence statistics.
• Condition monitoring methods.
• Survey procedures.
This paper summarises many of the conclusions derived from these research and development initiatives with the desire that this will be of value to the marine industry and aid this branch of propulsion technology to achieve full maturity.
FAILURE STATISTICS
An analysis of Lloyd's Register's survey data base relating to podded propulsors suggests that over a seven year period beginning in 1998 the incidence of failure per 10 years for electrical and mechanical failures was 1.7 and 4.1 respectively. Within these failure incidence rates little overall difference is seen between the principal manufacturers over the last few years although some differences in the detail of the failures experienced and their timing naturally occur.
The relative incidences of failures within the broad electrical and mechanical classifications are shown in Fig 2  and 3 respectively. In the case of the mechanical failure distribution, Fig 3, although propeller failures appear to be predominant these are mostly blade damages due to contact with underwater objects that have either distorted or broken the blades, normally in their tip or outer regions. Clearly, however, in some cases where a propeller has impacted with some object sufficient to result in significant blade damage, this may have led either then or at some subsequent time to the failure of other podded propulsor components such as the rolling element bearings or shaft line.
To place these statistics in perspective the equivalent failure incidences for conventional diesel-electric propulsion systems were analysed and this showed failure rates of 0.4 and 3.0 per 10 years respectively for the electrical and mechanical categories of failure. However, when comparing these rates with those for podded propulsors it should be kept in mind that the sample size for the conventional propulsion systems is considerably greater and, therefore, may lead to a statistical distortion of the comparison. Furthermore, it should also be noted that podded propulsors have been a developing technology throughout this period of review and, as such, experience of other novel developments suggests that the failure incidence can be higher during these early development periods.
HYDRODYNAMIC CONSIDERATIONS Steady state running
Assuming that it is of the tractor type, the podded propulsor in its twin screw propulsion configuration will operate in relatively clear water disturbed principally by the boundary layer development over the hull. This is in contrast to a conventional twin screw propulsion arrangement in which the incident wake field is disturbed by the shafting and its supporting brackets or, alternatively, for a pusher pod configuration which has to operate in the boundary layer and velocity field generated by the pod body and strut. Consequently, the wake field presented to the propeller of a tractor podded propulsor, in the absence of any separation induced by the effects of poor hull design, should be rather better for the ahead free running mode of operation than would be the case for a conventional twin screw ship.
Notwithstanding the benefits of an improved wake field, the citing of the propulsors on the hull and their attitude relative to the ship's buttocks and waterlines needs to be undertaken with care. If this is not done then propulsion efficiency penalties may be incurred since propulsion efficiency has been found at model scale to be sensitive to relatively small changes in propulsor location on the hull. Table 1 illustrates a typical example of this sensitivity, in this case relating to the relative attitude of the propulsor for a cruise ship.
Moreover, the optimum pod azimuth angle for ahead free running has to be derived from a consideration of the flow streamlines over the after body of the ship, particularly if a range of operating conditions is anticipated for the ship. Similarly with the tilt angle, however this may be approximated for initial design purposes as being half the angle of the ship's buttocks relative to the base line at the propulsor station.
The computation of the propeller thrust and torque at or close to the zero azimuthing position can be satisfactorily accomplished using classical hydrodynamic lifting line, lifting surface or boundary element methods. Similarly, estimates can be made of the other forces and moments about the propeller's Cartesian reference frame. However, full scale trial measurements conducted some years ago on cruise ships' propellers with conventional A-bracket shafting arrangements, suggested that a greater error bound should be allowed for when extending the calculation of these loadings in the other Cartesian directions.
When undertaking manoeuvres, including turns and stopping, both at sea and when in harbour, and also when operating in poor weather model tests have indicated that the hydrodynamic loadings can significantly increase [1, 2] . Moreover, the predictions of these loadings do not at present lend themselves to assessment by the normal classical methods of analysis but must be estimated from model or full scale data. Similarly, Reynolds Averaged Navier Stokes (RANS) codes are currently not at the required state of development to confidently make quantitative predictions of the loads, nevertheless they can give useful qualitative insights into the flow behaviour and the various interactions involved.
The loadings developed by the pod are complex since the axisymmetric body and a part of the fin, or strut, need to be analysed within the helicoidal propeller slipstream for a tractor unit. The remainder of the strut lies in a predominantly translational flow field and for analysis purposes has to be treated as such. Furthermore, the interaction between the propeller and pod body needs also to be taken into account. A different flow regime clearly exists in the analysis of pusher units since the propeller then operates in the wake of the strut and pod body and the propeller-pod body interaction effects are still significant. Notwithstanding these complexities it is possible to make useful quantitative approximations using earlier empirical data, provided a proper distinction is made between those parts of the propulsor which are subjected to translational flow and those The forces and moments in the three Cartesian directions need to be quantitatively estimated as accurately as possible, either by model test or by calculation for the full range of different operating conditions, since without such an assessment the reactive loads on the bearings cannot be properly estimated. Moreover, if these loading estimates are inadequate, then the necessary fatigue evaluations of the bearing materials will prove unreliable which may then lead to premature bearing failure. Fig 4, by way of example, illustrates a typical variation in thrust generated at different azimuthing angles as a propeller rotates through one revolution. This should be contrasted with the nearly constant thrust and torque signature produced at a zero azimuthing angle.
Notwithstanding the implied reliance on empirical data from model tests, since full scale data is difficult to obtain for podded propulsors, the scale effects relating to the podship and pod-propeller interaction mechanisms are significant [1] . Therefore, when measurements are made in a model facility the experiment must be carefully designed in order to minimise these effects. However, research effort still needs to be expended in refining the analysis of scale effects in order to gain a fuller understanding of their influence both in terms of the propeller loading and also for ship propulsion studies [5] .
The pod body design is important in terms of minimising boundary layer separation and vorticity development. Islam et. al. [6] have made a useful model test examination of the influence of the various pod body geometric features. In particular, the radius of the axisymmetric pod body requires to be minimised, but this is dependent on the electro-dynamic design of the propulsion motor which is, in turn, both motor speed and length dependent. Furthermore, the motor speed along with the unit's speed of advance and power absorption governs the propeller efficiency. In terms of future development, high temperature superconducting motor research offers a potential for significant reductions in motor diameter and hence, if realised, will facilitate pod body drag reductions.
Full scale experience shows that for twin screw propulsion systems podded propulsors, when operating close to the zero azimuthing position, generally have a superior cavitation performance when compared to conventional propulsion alternatives. This, therefore, implies that the propeller radiated hull surface pressures will be significantly reduced. Typically for a non-ice classed, tractor podded propulsion system operating on a well designed cruise ship hull form, the blade rate harmonic hull surface pressures can be maintained to around 0.5kPa with the higher blade rate harmonics being insignificant. Such a finding is compatible with the expected enhanced wake field in which the podded propeller operates. However, while not generally reaching these low levels, it should be recalled that the radiated hull surface pressures for conventionally designed ship after-bodies with shaft lines and A-brackets have improved significantly in recent years, typically returning values in the region of 1kPa. Notwithstanding this benefit, it has been found that broadband excitation can have a tendency to manifest itself more frequently with podded propulsors. Broadband excitation is not well understood at the present time by the hydrodynamic community but is considered to originate from the tip and leading edge vortex structures, as well as from unstable blade sheet cavitation activity together with the interactions between these cavitating structures. While significant advances have been made in our understanding and much research effort is currently being expended into developing that understanding internationally, broadband characteristics may be considered to manifest itself in two forms: real and apparent. The real excitation characteristics are a direct function of the phenomenological behaviour of the cavity structures and their relative interaction. Typical situations which lead to true broadband excitation are discussed in [7] and a situation in which this form of excitation is created, due here to an interacting and mutually self-destructing set of tip and leading edge vortices, is shown in Fig 5. In contrast, apparent broadband characteristics can sometimes be observed in a Fast Fourier Transform frequency spectrum of a hull surface pressure signature which has been incorrectly analysed such that interference from temporal variations in the time series has induced a range of higher frequency components to compensate for these perturbations.
Turning manoeuvres
When turning at speed in calm open sea conditions a complex flow regime is generated in the vicinity of the propeller which significantly alters the inflow velocity field. For a twin screw ship undertaking a turn the resultant forces and moments generated by the propellers located on the port and starboard sides of the hull are different. This difference depends upon whether the propeller is on the inside or outside of the turn and on the extent of the influence of the ship's skeg on the transverse components of the global flow field in way of the propellers. Fig 6 shows an example of these differences, measured at model scale on the starboard propeller, during turns to port and starboard when operating at constant shaft speed. Analogous variations are seen for the other force and moment components generated by the propeller in these types of manoeuvre. By implication Fig 6 underlines the importance of implementing a proper speed control regime for podded propulsion systems. It can be seen that if the shaft speed were not reduced during the turn to port the starboard motor would be in danger of being overloaded if the shaft speed at the beginning of the manoeuvre was close to the normal service rating. Furthermore, in this context accelerations and decelerations of the ship are also of importance. In this latter case the rate of change of shaft speed during such a manoeuvre considerably influences the loadings generated by the propeller.
The thrust, torque, lateral forces and moments also vary significantly throughout a turning manoeuvre. A typical result measured from the model test programmes discussed in [1] is shown in Fig 7. This Figure relates to a manoeuvre which changes the heading of the ship though 180 degrees. It can be seen that relative to the steady values recorded on the approach to the turn, as soon as the propulsors change their azimuthing angle the torque and thrust increase. Similarly the fluctuating shaft bending moment measured on the shaft increases in amplitude and then decays to an extent during the turn but then maintains a steady amplitude. In contrast the thrust and torque maintain their enhanced amplitude throughout the turn and then when corrective helm is applied to return the ship on a reciprocal course these parameters then decay back to their normal ahead values. However, this is not the case for the bending moment amplitudes which upon applying corrective helm then sharply increase before decaying back to their pre-manoeuvre values. When analysing this data during constant shaft speed turns over a number of similar tests it is seen that while the thrust and torque increase their pre-manoeuvre levels by between 10 and 50% the maximum bending amplitudes are amplified by factors of between four and six times their original free running ahead values. In the case of zig-zag manoeuvres carried out under the same operating conditions similar characteristics are found to occur. These types of manoeuvring examples, because of their potential to develop high bearing loadings, suggest that careful thought be applied to the sea trial manoeuvring programmes. Ships driven by podded propulsors generally exhibit a better manoeuvring performance when compared to equivalent conventionally driven ships. The implications of this enhanced performance are discussed in [8] and, in particular, the advisability of employing an equivalence principle for ship manoeuvrability between podded propulsor and conventionally driven ships is discussed in order to minimise the risk of shaft bearing overload in the podded propulsors.
Crash stop manoeuvres
In the case of linearly executed stopping manoeuvres [1] exploratory model tests have indicated that if a crash stop manoeuvre is executed with the podded propulsors in a fore and aft orientation the bending moments generated can be limited to values consistent with the normal free running service speed. Notwithstanding this, the thrust and torque loadings change significantly during the manoeuvre. If, however, the pods are allowed to take-up a toe-out attitude then the shaft forces and bending moments can be expected to significantly increase. In the case, for example, of a 25deg toe-out manoeuvre at constant shaft speed, the ratio of induced bending moment during the manoeuvre to the free running bending moment at the start of the manoeuvre could be as high as 11 with similar ratios being developed in the other in-plane loadings.
Podded propulsors in waves
The effects of poor weather have also been similarly explored from which the relative motions between the propeller and the seaway have been seen to increase the loadings that have to be reacted by the bearings. For the model configuration tested the shaft bending moments in irregular waves were seen to increase by up to a factor of 1.8 over the free running condition when encountering significant wave heights of 7m at constant shaft speed. In those tests the sea conditions which gave rise to the greatest increase in shaft forces and moments were those encountered in head quartering seas. Clearly, however, in the general case these loading factors will be ship motion and seaway dependent.
Harbour manoeuvres
Different loading regimes occur during low speed harbour manoeuvring. It has been known for many years that if a number of azimuthing thrusters are deployed on the bottom of a marine structure in a dynamic positioning mode, when particular relative azimuthing angles of the thrusters occur they will mutually interfere with each other. In some cases, if this mutual interference was severe mechanical damage to the thruster shaft-line components could result.
By simulating the underwater stern of a typical cruise ship with a deployment of propulsors and varying their relative azimuthing angles [2] a number of good and bad operating conditions were identified for a twin screw ship. These can be summarised as follows: i. If the pods are at arbitrary azimuthing angles and the angle of one of the pods is chosen such that its efflux passes into the propeller disc of the other then high fluctuating shaft bending moments and radial forces can be expected to occur on the latter pod. The magnitude of these shaft bending moments at model scale have been measured to be up to ten times the normal free running values at low ship speed and constant rotational speed. In contrast the thrust and torque forces appear to be relatively unaffected. At full scale when interference has been encountered between podded propulsors, vibration levels up to 116mm/s have been recorded at the tops of the pods in the vicinity of the slewing ring. ii. If both pods are positioned such that they are thrusting in approximately the same thwart ship line, then the trailing pod will suffer significant fluctuating loads.
The maximum loadings will be experienced when the trailing pod is slightly off the common transverse axis: whether this relative azimuthing angle is forward or aft of the thwart-ship line will depend upon the direction of rotation of the propulsors. iii. It has been found that a benign harbour manoeuvring condition is when both podded propulsors are in a toeout condition. At this condition the mutual interference with respect to shaft loads is minimal. iv. The control methodology of podded propulsors when undertaking dynamic positioning manoeuvres requires careful consideration if unnecessary and in some cases harmful azimuthing activity is to be avoided.
It was also observed that the interference signatures created in conditions (i) and (ii) exhibited a finely tuned characteristic with respect to relative azimuthing angle.
In the case of a quadruple screw ship, a poor operating condition was found to be when the podded propulsors on one side of the ship are both operating and are positioned such that the forward unit is in the fore and aft direction and the astern one is transverse. In this case the efflux from the forward propeller is attracted towards the transversely oriented propeller which then suffers strong fluctuating loads, because it is operating obliquely in the helical flow field generated by the fore and aft aligned propulsor. Similarly, when both propellers on one side of the ship are aligned in the fore and aft direction the efflux from the forward propeller, although relatively attenuated, is attracted towards the propeller in the astern location. Consequently, some benefit in minimising these slight oblique flow characteristics can be achieved by azimuthing the astern propeller toward as the location of the forward propeller.
MECHANICAL CONSIDERATIONS Seals
A reliable and efficient sealing system is a pre-requisite for a podded propulsor. A number of sealing systems are in current use and in general comprise three or five lip seals depending on the manufacturer's preference. In the case of the three lip seal arrangement the system is also fitted with an inflatable ring to enable the pod housing to be sealed should a major seal failure occur.
The seals lie close to the radial bearing in most designs of propulsor and although subject to some initial problems early in the development of podded propulsors, seal failures have had an overall incidence rate of around 0.7 per ten years of service according to Lloyd's Register's survey records. These failures have been mostly due to leakage or excessive wear and in some cases pressurised seals have caused problems.
From the report narratives returned from Lloyd's Register's surveyors, liners have generally exhibited failures related to grooving and scoring.
Rolling element bearings
These bearings are designed to accommodate a defined life together with a specified probability of achieving that life. Typically, according to Lloyd's Register's Rules, such a minimum life might be 65 000h, since this fits well with survey periods, and is defined in terms of a 90% probability of achieving that life expectancy: termed the L 10 life. If such a bearing life is chosen this implies that the bearings will require changing a number of times throughout the life of the ship, given that they achieve the L 10 life, and this consideration has to be factored into the economics of the ship's operation. Such a finite life philosophy is to some extent in contrast to the standard stern tube journal bearing design although, in this latter case, replacements do from time to time occur during the lifetime of the ship. The principal method for rolling element dynamic bearing life calculations is normally centred on the ISO 281 Code.
When thrust bearing failures have been experienced these have, in the cases investigated by Lloyd's Register, often been associated with the forward inner raceway of thrust bearing. Other failures involving the centre radial bearing of a thrust bearing pair and the radial drive-end bearing have also been experienced. Most commonly, these failures have exhibited a spalling characteristic and microscopic examination of these spalled regions suggests that the failure mode is one of sub-surface fatigue with the failure normally starting just under the running surface of the raceway: generally at a depth of around 1 or 2mm. Once initiated the cracks then tend to propagate sub-surface and approximately parallel to the raceway surface, often branching in the process, until at some point they outcrop on the surface of the raceway. Fig 8 shows typical failure morphology, in this case, on the inner raceway of a forward thrust bearing.
This fracture morphology suggests that Hertzian or octahedral shear stresses are a significant mechanism in the failure process. Therefore, in order to understand these failures further appeal has to be made the theory of Hertz, but modified to take account of friction at the interface between the roller and raceway as well as the effects of rough surfaces [9] . The result of these analyses shows that cyclic shear stresses are generated sub-surface and lie on planes close to 45deg relative to the raceway surfaces, any deviation depending, amongst other factors, on the magnitude of the frictional forces involved and the material microstructure. Furthermore, while the magnitudes of the normal stresses in the bearing material, derived from the contact pressure, decay with increasing depth into the material and fluctuate nominally between zero and some compressive value, the shear stresses alternate between tensile and compressive peak values which are reached just below the surface of the raceway in the vicinity of the observed spalling damage.
In cases of failed bearings and those which remained serviceable up to a planned change at a dry-docking, microscopic examination has shown the existence of butterflies in some thrust bearing rings as well as in some toroidal radial bearings. Butterflies, a typical example of which is shown in Fig 9 and in this case centred on a complex inclusion, occur when the material has experienced a significant level of stress developed from a combination of operational and residual origins. The stress levels required to form butterflies are suggested from research literature to lie between 1000 and 3500MPa. Values, at the lower end of this range, are consistent with the levels of total stress likely to be developed in the bearings, however, butterflies are not necessarily detrimental to the bearing performance. The wings, from which the butterfly derives its name, are formed by a phase change in the material at ambient temperature and possibly under adiabatic conditions when subjected to a sufficient level of stress. Within this wing structure, and also in white etched regions, when examined at very high magnifications it is seen that the material exhibits a columnar structure on a nanometer scale. These features generally occur at oxide inclusions and also at complex inclusions comprising oxides and sulphides, where they have been observed to originate mostly at the oxidesulphide boundaries of the filled cavity. Frequently along or close to the edges of the butterfly wings cracks are seen to have originated, Fig 9 , in some cases extending beyond the wing material phase change due to the stress intensities developed in the vicinity of the crack tips. The principal orientation of the butterfly lies along the shear stress planes and they are thought to be predominantly two dimensional structures, because if the material is sectioned in other planes the extent of butterflies is seen to diminish until almost vanishing in the orthogonal plane. Fig 10 shows an image derived from Lloyd's Register's scanning electron microscope, at a relatively low magnification of just over 1000, of a complex inclusion which has initiated a crack. Notwithstanding the importance of inclusions in the material, not all inclusions will generate stress intensities sufficient to promote crack development beyond the initial stages of crack initiation which most likely occurs in the early cycles of loading experienced by the bearing. Fig 11 further develops this proposition by showing that of the number of inclusions under the raceway surface which are present in a particular material sample, only one has started to show signs of development. Such a finding is consistent with Hertzian stress theory in which the maximum shear stresses are developed sub-surface and typically within a band of 0.3 to 1.5mm below the surface. Consequently it is important to minimise inclusion sites in this critical region of the bearing as far as possible within the manufacturing process.
It is of further significance to observe that although the butterfly is oriented on the maximum shear stress plane, the direction of its wings are most frequently observed to lie approximately parallel to the rolling contact surface and, by implication, any cracks initiated within the wing region also lie approximately parallel to this contact surface. The mechanism of crack propagation from an inclusion is complex. Much work has been done on the analogous situation involved in the crack growth in railway tracks [10, 11, 12] in which it has been shown that a mixed mode crack growth situation applies. In the case of a rolling element bearing a sub-surface defect at a suitable depth may generate a butterfly which, depending upon the stress intensity at a point on the inclusion derived from either the loadings generated by a sea trial test manoeuvre or by the those experienced during service, may then initiate a crack. In the former case the propagation may not progress beyond the very early stages of crack development if the service loads are not severe enough to create stress intensities sufficient to drive the crack beyond its initiation. Moreover, at a complex inclusion the relative mechanical properties of the oxide and sulphide components assume importance: the latter being rather softer. The combined effects of this mechanical property differential together with the inclusion topography develops a complex strain field around the periphery of the inclusion which if of sufficient magnitude initiates a crack at the microstructural scale. Typically, many of these small cracks are in the region of 20 to 50 ìm. The stress field responsible for driving the crack growth in the vicinity of the crack tip is likely to comprise two principal attributes: a tensile component and a shear component. Clearly, there may also be some further contribution from the Mode III anti-plane shear. Therefore, when the crack has grown to size where linear elastic conditions prevail, then to a to a first approximation the crack growth will be governed by the following stress intensity relationship in which K ó ¼ f(K I, K II ,j) where K I and K II are the stress intensities in Modes I and II of crack propagation. In the model shown in Fig 12 under the conditions of linear elastic crack growth, that is remote from the initiation site, as the rolling element traverses the raceway surface the pressure field moves from left to right in the diagram. In doing so it generates a vertical compressive contact pressure which induces normal stresses together with a fluctuating Hertzian shear stress component. Consequently the fluctuating stress field at the crack tip is acted upon by both of these loading components. Analysis under linear elastic conditions suggests that the Mode II shear stress tends to dominate the stress field away from the crack origin in order to achieve the observed characteristics of crack development. Figure 13 shows a complex, but typical, cracking structure in a bearing ring at an advanced stage of development in which white etched regions are seen bordering most of the crack paths along their length. In this section it is also seen that the cracks are running parallel to the raceway surface and that a butterfly structure, originating from a complex inclusion, has, in this case, propagated into and forms part of the crack system.
The surface roughness of the bearing rolling elements is an important consideration. The significance of roughness varies with the loading between the rolling surfaces because in perfectly smooth surfaces contact is made over the whole contact area. However, for practical surfaces the topographical roughness of the surfaces dictates that contact is made over a lesser area than the idealised smooth surface. Consequently, the true contact pressures at the points of contact are likely to be higher than predicted by conventional Hertzian theory which assumes a smooth surface. Johnson [13] shows that for a given light load acting on a very rough surface the maximum pressure is much less than that predicted by Hertz's theory but the pressure distribution is more spread out than in the alternative case of a slightly rough surface where the Hertz prediction is more closely followed. This is because when the surface is rough the deformation is almost entirely confined to the asperities on the surface. However, as the load is increased then due to the plastic deformation of the asperities the nominally rough surface pressure characteristic tends more towards the Hertzian prediction. Consequently, to avoid operating with surfaces that have significant plasticity it is important to control roughness. Typically, acceptable values of roughness are thought to be in the region of 35, 30 and 25 ìm Ra respectively for the outer and inner raceways and the rollers.
The achievement of the designed contact fits of the bearing rings is also important, particularly in the case of radial bearing rings fitted to shafts. If this is not done satisfactorily it is possible to generate a high hoop stress field which then, in addition to the other design and residual stresses, can prove detrimental to the bearing's life. Bearing materials
Given that the loads under the ship's operating conditions have been properly determined and the mechanical design of the components executed correctly, a self-evident and fundamental tenet is that the bearing component materials must have the capability to withstand the loadings generated by the propulsor during steady state and azimuthing operations coupled with any other inertial sources of loading. As previously discussed, the numbers, type and location of inclusions in a bearing ring are significant when considering the suitability of a material specification and the control of the oxygen, titanium and sulphur levels during the manufacturing process are important in achieving the desired material properties. Consequently, the bearing manufacturing method and material properties, together with the permissible inclusion levels, have to be considered along with the anticipated mean and cyclic loadings, surface roughness, hardness and probable levels of residual stress as part of the design process. Moreover, variational analyses, based on inclusion numbers suggest, that there is a scaling effect which favours smaller bearings.
For marine bearing manufacture the forging process requires optimisation in order to provide material of a sufficient quality for the bearing rings which will experience strongly fluctuating loads during their life. If this optimisation is not done effectively this may lead to regions of coarse material structure in the vicinity of the running surface of the raceways. Furthermore, such conditions may lead to long dendrite structures being present in the most highly stressed regions of the bearing ring and these features will be detrimental to bearing life. Fig 14 indicates schematically such a situation and, furthermore, identifies that areas of fine microstructure have been found in relatively non-stressed regions of failed bearing rings. Small forging reduction ratios may be contributory to this kind of problem and, as such, adequate reduction ratios need to be used in the manufacture of bearings for marine use where fluctuating service loadings can be high. Consequently, the reduction ratios used during forging together with the manufacturing processes are, therefore, particularly important if satisfactory bearing material properties are to be achieved.
Within the manufacturing process care is needed in the choice of location where the billet for bearing component manufacture is taken from the larger cast ingot, since the ingot will be non-homogeneous in its composition. Some regions of this ingot will be more susceptible to inclusion congregations and for this reason the dimensions of the ingot with respect to the location where the billet will be taken require careful consideration. Traceability of this process is an important consideration for quality control.
The bearing rings generally comprise a bainitic matrix and it is considered that the level of retained austenite within this matrix should be kept below 4% for large bearings. This is principally for two reasons. First, if the retained austenite level becomes too high then hardness problems may result and, secondly, there is a danger that the austenite phase may transform, possibly to untempered martensite, which would be extremely brittle and could lead to the generation of cracks within the matrix. Furthermore, if this transformation occurs then material volume instability may result.
Typically the hardness of raceways lies between 55 and 57HRC while that of the rollers is generally of the order of 58 to 62HRC. Increases in material hardness will generally yield an increase in the fatigue life of the material. However, the hardness must not be increased too much as the fracture toughness of the material will then be compromised.
Experimental evidence has shown that residual compressive stresses have a beneficial effect on the fatigue life of the rolling element components. Compressive residual stresses will be introduced into the material through the bainitic hardening process and typical values of the surface residual stress would be of the order of À50 to À250MPa at the raceway surface when measured using X-ray diffraction processes. Clearly, other values will be obtained if different methods are used due to the volume of the material considered in the measurement process. For example, in the case of the centre-hole strain gauge method the relaxation measured by the strain gauges tends to represent an average value of residual stress over the depth of the hole. However, if that method is used in a hole depth stepping procedure then an approximation to the radial distribution of residual stress can be obtained. At present, measurements of the radial distribution of residual stress within bearing rings have generally been inconclusive about the nature of the residual stress curve.
The residual magnetism characteristics of the bearing components need to be controlled to low levels. Typically, an acceptable value should be below around 1Gauss.
Lubrication
Satisfactory service with rolling element bearings requires that close attention is paid to the quality of the lubricating oil. Consequently, oil monitoring is an important quality control parameter, both from a chemical and entrained particle perspective. Lubricating oil when working in rolling contacts exhibits a strongly non-linear behaviour with respect to pressure. This applies to both the density and the viscosity. In the former case the changes under the pres- Fig 14: Possible structural regions in a bearing ring sures experienced are moderate, but viscosity has an exponential relationship with pressure and the changes in viscosity can be significant in rolling element bearings when compared to values at normal atmospheric conditions.
If debris is entrained in the lubricating oil it can influence the predicted bearing life. First, if the debris is either small enough or of a planar form so that it can pass through the minimum oil film position, recognising that this is only a few microns in thickness, in the sense of drifting through the gap it will have an influence on the elastohydrodynamic pressure distribution in the contact region. This will then modify the oil film pressure field to the detriment of the sub-surface stress field in the bearing material. A second mechanism is where the debris is too large to pass through the minimum oil film region in which case it causes an indentation principally in the raceway surface, since this is normally less hard than the roller material. This process of indentation, because it involves a plastic deformation of the material, introduces a further permanent stress field into the material which then combines with the normal and shear stress fields, introduced by the operational contact pressures, and the residual stresses encountered during manufacture. Work on automotive rolling element bearings [14] has shown that considerable life reductions can be anticipated with relatively small increases in debris and contaminants and there is little reason to suppose that an analogous situation does not apply to marine bearings although further work is required to prove this tenet and its severity. Nevertheless, service experience with large podded propulsor bearings would tend to support this proposition.
Full scale experience has suggested that the minimum requirement for oil cleanliness in the bearing lubrication systems is that defined by the NAS 6 criterion. Notwithstanding this minimum level, a better standard which involves some additional safety margin would be to employ an enhanced criterion approaching the NAS 4 specification. However, in practice the achievement of these levels is difficult in the first instances after building, refits and during initial service since it requires careful control, monitoring and training of the staff involved. Implicit in this process is the provision of an adequate forced lubrication and fine filtration system coupled with regular laboratory analysis of oil samples properly collected under hygienic conditions. Experience has shown that while getting a system to the required level of cleanliness is difficult, the maintenance of that level, once achieved, is less difficult if suitable vigilance is employed by the ship's staff. Furthermore, at the time of building or at a subsequent refit it is essential that a clinical level of hygiene is employed since if this is not done debris damage will occur early in the life of the bearings with a consequent effect on the expected fatigue life of the bearing components. Consequently, the importance of through-flushing of the lubrication system for a sufficient time at the correct points during the building or refit process by an adequate procedure is essential and cannot be overemphasised. Implicit also in this process is the effective control of the working environment in the drydock or building yard and the use of portable workshops which surround and enclose the propulsor is to be encouraged.
An additional facet of the assembly process, which in addition to having lubricating oil implications, is critical for the success of the propulsor's effective operation, is the development of a detailed quality plan for the process being undertaken. This plan and checking procedure needs to encompass every aspect of the fitting out procedure and must define the processes fully. This includes the parts and tools required, the assembly procedure, the fitting tolerances, the flushing periods, standards required and the personal involved together with the times they are required -including the attendance of surveyors. During a voyage cycle the lubricating oil temperatures will demonstrate a cyclic characteristic as might be expected. At the start of a voyage the temperatures will be low and will steadily increase both with increasing shaft speed and time of voyage until some steady state condition is developed. At the end of the voyage the temperatures will reduce along a different but higher temperature path. Consequently, at the end of the voyage the lubricating oil temperatures can be expected to be higher than at the start and this will have a direct effect on the lubricant's nominal density and viscosity and, by implication, the minimum oil film thickness of the oil. Typically this might result in a reduction of some 15% in the minimum oil film thickness when compared to the start of the voyage.
Pod structure and shafting dynamics
Based on finite element analyses, pod structures have been shown to deflect significantly under the combined actions of the mean hydrodynamic and gravitational loadings, however, the magnitude of these deflections vary to some extent between the individual design philosophies of the different manufacturers. The nature of the deflections and the characteristics of the bearing configuration are such that the shafting system tends to follow the pod structure. In addition to the hydrodynamic loads imparted to the shaft, the weight of the motor induces a small deflection of the shaft which, in turn, creates electro-magnetic forces acting on the shaft due to the asymmetry of the rotor air gap. This additional influence can be significant enough to warrant taking it into account when undertaking shafting calculations.
Systematic studies have shown that the pod foundation has a relatively minor influence on the natural frequencies of the pod-rotor interactions. Furthermore, finite element analysis and full scale experience suggests that the supporting arrangements are adequate for the range of pod sizes that are in service today. Furthermore, full scale vibration measurement studies conducted on large ships in variable weather conditions suggest that unless the ship continually operates in extremely poor weather, typically with significant wave heights in excess of 8 or 9m, then the inertial loads are not an issue for current designs of podded propulsor. Similarly gyroscopic loads are negligible for large ships but may not be so if a podded propulsion unit were applied to a small, highly manoeuvrable fast craft.
Electrical interference
Some lubricating oils exhibit an electro-rheological behaviour. However, despite the close proximity of the bearings
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to strong electro-magnetic fields no evidence has been found to support the existence of any electro-rheological behaviour of the commonly used lubricating oils in podded propulsors. Such a finding is consistent with behaviour in other related engineering fields, for example in the power generation industry with similar sized machines. In some instances pitting damage has been noted on shaft line components and this has been traced to interference from high frequency converters and this has required special insulation measures to be implemented. Furthermore, stray currents may produce effects similar to that seen on the roller in Fig 15. These conditions under which this type of fluting occurs are described in [15] and can occur when very small currents are permitted to flow through rolling element bearings. Consequently, this underlines the need to maintain a rigorous insulation policy within the confines of a podded propulsor.
Control systems
The characteristics of the podded propulsor's control system influence very significantly the actual hydrodynamic loadings that are imposed on the shaft line which then have to be reacted by the bearings and, ultimately, the pod structure. Fig 6 and its ensuing discussion underlined the importance of a proper speed control regime for transient control of the propulsion system, including any accelerations and decelerations. In this latter context the rate of change of shaft speed during such manoeuvres influences considerably the loadings generated by the propeller. Consequently, the characteristics of the control system are critical to the operation of the podded propulsor both in preventing motor overload and also in controlling the bending moments and forces imposed on the shaft line during accelerating, decelerating, turning and other manoeuvres. Therefore, considerable attention should be focussed on the design of control speed ramps in the various scenarios.
When different layers of control software are required to work together, for example a software layer controlling the main engines, another controlling the podded propulsors and perhaps another controlling exhaust emission, they need to be rigorously tested and proved in combined operation. This is true whether the software has been written by the same organisation and more particularly if written by different organisations. Such testing needs to address the different paths through which the algorithm can lead the control function and, thereby, endeavour to eradicate intermittent faults which may occur during operation with serious safety consequences; for example, when manoeuvring the ship in confined waters. As defined in Lloyd's Register's recent Rule revision this is considered to be the duty of the principal contractor to demonstrate that this process has been done effectively.
Similarly, the full implications of safety protection devices require to be thought through into the possible consequences arising from other scenarios for which the device was not intended. Circumstances have arisen where a ship has been blacked-out due to an overload safety protection device having come into action in response to a seaway hydrodynamic impact and leaving the ship relatively helpless for a period of time when in a difficult position in poor weather.
Condition monitoring
A number of potential options are available by which the condition monitoring of podded propulsors can be achieved, however, relatively few have shown themselves to be completely effective in practice.
By the nature of the failure mechanism of rolling element bearings lubricating oil analysis is of limited value as a condition monitoring tool; this, however, does not detract from its value as a lubricating oil quality control procedure. Because cracks generally originate from beneath the surface of the bearing raceway, lubricating oil analysis cannot provide advance warning of an impending failure until the cracks have outcropped onto the raceway surface and particles have started to break away into the oil. Such a process of crack growth may take some months to complete which can be in contrast to the rapidity of failure progress once the outcropping stage onto the raceway has been reached. Table 2 illustrates an example of a bearing failure development as monitored by lubricating oil analysis. With potentially such a short time interval in which to take appropriate action, a means of establishing when the sub-surface crack growth phase is taking place is beneficial.
Vibration monitoring has exhibited similar shortcomings by being able to readily detect when the raceway surface is starting to break-up but in giving relatively little warning of the sub-surface crack growth phase taking place. Notwithstanding this limitation, vibration monitoring is of considerable value in monitoring the development of other machinery malfunctions such as imbalance, misalignment and so on.
Boroscope examination is a valuable tool for the examination of bearing surface defects and the quality of the image is normally high given that the correct instrumentation is used and the oil level is reduced to aid observation. If the timing of an inspection is fortuitously correct it would be possible to detect the onset of outcropping damage, however, this technique is most useful in assessing the extent of a damage after it has occurred and whose onset has been detected by other techniques. Moreover, a boroscope inspection, when used by experienced personnel, does have the advantage of being able to quantify the extent of the damage visually. Observations of failures have shown that the first sign of the outcropping of sub-surface damage is usually the appearance of small crescent shaped cracks of between 0.5 and 1mm in size. While the lower end of this size range is possibly at the limits of detection for a boroscope inspection conducted in the field, the larger sizes are well within the scope of this type of examination.
It is considered that the technique with the greatest potential for giving timely warning of an impending bearing failure is that of acoustic emissions. Available techniques encompassing elements of acoustic emission technology are many and care has to be exercised in selecting an appropriate method if disappointing or misleading results are to be avoided. In particular the method chosen has to be able to discriminate between the emissions originating from crack development and the surrounding noise emissions from other sources; typically cavitation, boundary layer turbulence and sources originating from the machinery and air cooling systems. Beyond this qualifying requirement is the ability to determine from where the source of the emission is originating, since the emission may, for example, indicate a propagating fatigue crack or, alternatively, a relatively benign source such as micro-slip in a locating pin under different loading conditions. The ability to distinguish between these types of acoustic sources is of extreme importance to the making of reasonably based operating decisions when activity is detected within the bearing arrangement. Clearly, to achieve this situation the detail of the signal analysis algorithm has to be fully understood and transparent.
A typical capability which provides this advanced recognition is that developed some years ago, for reasons other than rolling element bearing condition monitoring, by a consortium of British Aerospace, Lloyd's Register and Ultra Electronics and termed BALRUE. Subsequently, however, it has very successfully been used in podded propulsor studies and investigations [16] . It is a multi-sensor system which is deployed around the exposed inner faces of the bearings inside the pod and uses a time difference algorithm to locate the position of noise sources within the bearing. This is accomplished by very accurately measuring the time differences between the noise being received at the various sensors and excluding other noise sources by the use of appropriately deployed guard sensors. The method has detected the early stages of sub-surface crack development, thought from the signal characteristics to be some 50 to 100ìm in length, and which finally outcropped on the raceway surface some two months later revealing a large subsurface spalled area. In contrast, Fig 17 shows a benign situation measured on a ship in which the emission emanated from micro-slip on a fixing member, but was picked up as a serious indicator by less advanced acoustically based methods.
In Fig 17 the cluster of acoustic emission hits shows the location of the noise source, in this case in time space as distinct from Euclidean space, relative to the known sensor positions. The colour coding in the figure shows the number of acoustic sources in the correct frequency range that have been identified and locates the epicentre of the noise emission. By simple reference to an engineering drawing the source of the noise can then be identified. Consequently, a technology base has been established from which a bearing condition monitoring system in podded propulsors can be developed.
CONCLUDING REMARKS
This paper, along with the others recently published by Lloyd's Register, has attempted to encapsulate many of the findings from Lloyd's Register's recent research and development activities as well as from its practical experience associated with the application of podded propulsors to marine propulsion. In doing so, it is to be hoped that this distillation will be of interest and assistance to those engineers who have dealings with this form of propulsion.
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